tribute to our understanding of lichens as effective biomonitors.
In the present study, we employed the epiphytic fruticose lichen Ramalina duriaei which was previously used to biomonitor airborne heavy metals, following transplantation to rural, suburban and urban sites in the northeastern and central parts of Israel (Garty & Fuchs, 1982; . The data of the elemental content of in situ, resuspended and transplanted thalli were compared with a quantitative estimation of the change in the production of ethylene in the lichen, because the production of ethylene is considered to indicate the vital status of the lichen. According to Schieleit (1 996) the ethylene-producing activity exists in axenic cultures of the mycobiont as well as in the photobiont. Ethylene has been found to accelerate the growth of lichen soredia under laboratory conditions and to cause degeneration of fully differentiated parts of the thallus (Ott, 1996) .
The stress-indicative feature of ethylene has been used but twice in field studies of lichens. In a pilot study, thalli of Ramalina duriaei collected in a clean air site in Israel and transplanted to a polluted site near a busy road intersection produced more ethylene than control thalli left at the noncontaminated site where neither industry nor traffic interfere with their well-being (Epstein et al., 1986) . Thalli of R. duriaei were found to produce large amounts of ethylene following transplantation to an industrial site in north-west Israel heavily contaminated with SO, .
In addition, quantitative measurements of elemental concentrations in lichen thalli were compared with changes in the spectral reflectance response, thus providing an indication of the physiological status of the algal cells. Satterwhite, Ponder Henley & Carney (1985) found that the presence of lichens altered the reflectance spectra of rock surfaces in the visible and near infra-red (400-1100 nm). Digital measurements of spectral reflectance were used to assess the stress. A linear transformation of reflectance data led to the development of vegetation indices (VIs) commonly used for such assessments. Most VIs are based on a combination of the ratio of two portions of the electromagnetic spectrum: the red band (R), 600-700 nm, which corresponds to the maximum chlorophyll absorption and the near infrared band (NIR), 700-1100 nm, which corresponds to the maximum reflectance of incident light by the living vegetation. The basic VI ( = simple ratio), first introduced by Jordan (1969) , is a ratio of the digital values of these two bands. The most widely used VI is known as the normalized difference vegetation index (NDVI) :
NDVI = (NIR-R)/(NIR+ R).
The resulting values range from -1.0 to +1 .O.
The most important feature of NDVI is that healthy vegetation surfaces have higher index values than stressed vegetation surfaces since the former have a stronger 'greenness ' signal. NDVI correlates empirically with photosynthetic activity, fractional vegetation cover, green leaf biomass or leaf area, primary productivity and carbon in standing biomass. As such it is suitable for various applications, such as image classification and detection of seasonal or annual change in crop yields or vegetation cover (e.g. Tucker, 1979; Curran, 1980; Holben, Tucker & Fan, 1980 ; Asrar et al., 1984; Sellers, 1985 ; Prince, 1990) . According to Karnieli et al. (1996) lichens and microphytic communities produce a signal closely similar to that of higher vegetation especially under conditions at or near full hydration. Their NDVI values can be as high as 0.30 units.
This paper describes the effects of air pollution on (a) the spectral reflectance responses of thalli of Ramalina duriaei, (b) the elemental composition of the thalli and (c) the rates of production of stressethylene.
The areas studied include the outskirts of an industrial town in which both point emission and line emission sources are contaminating the air, together with rural areas, e.g. agricultural villages, sand dunes and a forest from which the lichen material used for transplantation was gathered (control site).
M A T E R I A L S A N D M E T H O D S Lichen material and transplantation
This study used the fruticose lichen Ramalina duriaei (De Not.) Bagl. growing on trunks and branches of Acacia albida Delile trees in the nature reserve of the town of Ashdod, SW Israel, and on twigs of carob trees (Ceratonia siliqua L.) in the HaZorea Forest, Esdraelon Valley, NE Israel. The town of Ashdod (1 10 300 inhabitants) has a busy harbour, a fertilizer terminal, a chemical plant producing pesticides, an oil-fuelled power station, oil refineries and various light industries. The HaZorea Forest is known to be 'clean' with respect to air pollution (Garty, Ronen & Galun, 1985 ; Garty, Karary & Harel, 1992; Silberstein et al., 1996) .
In February 1994, thalli were collected in two central and eastern sites in the nature reserve and in the HaZorea Forest. Immediately after collection, the thalli still fully hydrated from rainfall the previous day, were quickly (10-20 s) rinsed three times with double-distilled water to eliminate dust, air dried and divided into samples. This procedure minimized the possible loss of ions such as K and Mg as is known to occur when desiccated thalli are rinsed (Buck & Brown, 1979) . At the same time, approx. 300 twigs of carob trees covered with lichens were gathered in the HaZorea Forest and trans- 
Measurement of the spectral re$ectance response of lichen thalli
T h e spectral reflectance response was measured digitally for an assessment of the biochemical stress of the lichen. The spectral characteristics of the lichens were measured in the laboratory by a LiCorm L I 1800 field spectrometer. All laboratory measurements were performed under constant irradiance and with the light from a fixed angle. T h e status of the lichen samples is also fully controlled, e.g., water content and cover percentage. We assumed that all samples were in a similar hydration status as, according to our experience, thalli originating from different biomonitoring sites, rinsed and air-dried in the laboratory for 2 d, have a similar water content. The instrument was fixed to a 2 nm wavelength spectral resolution, increments between 400 and 1100 nm and 15' field of view. The lichen samples were placed in Petri dishes on a black-coated board to minimize the external reflectance or backscatter. The spectrometer was installed c. 1 m above the sample, at nadir. T h e illumination source, a 1000 W quartz halogen lamp, was positioned at a zenith angle of 4S0, c. 1 m away from the sample. The reflectance was determined by dividing the spectrum radiance of each sample by the downwelling irradiation as measured by a halon panel spectrum, collected within the shortest possible time interval between measurements in order to avoid the effect of light oscillation. Each spectrum was then calculated as an average of four spectra as the Petri dishes were rotated at 90' between each scan to avoid roughness and shadowing effects. Laboratory measurements utilizing a field spectrometer are more likely to have a random noise particularly below 500 nm and above 1000 nm. The presence of the random noise in these portions of the spectra was minimized using two median filters in sequence consisting of moving windows of 5 and 3 points. The NDVI values were calculated using eqn (1).
Measurement of the production of ethylene
Subsamples of 1 g each of in situ thalli collected in November 1994 in the nature reserve and in the 
e a n relative h u m i d i t y (:/,)

T o t a l rainfall (mm)
. N u m b e r o f rainy days
HaZorea Forest, of resuspended thalli from the HaZorea Forest and of transplanted thalli, retrieved from the Ashdod region, were used for this analysis. Each subsample consisted of several thalli with only one damaged surface each and not of thalli fragments, to avoid and/or minimize the production of stress ethylene because of wounding. One group of subsamples was soaked in 20 ml of distilled water at pH 5.6 for 30 min. Two other groups of subsamples were soaked either in 5 mM FeCl,, pH 3.7 or in 10 mM FeCl,, pH 3.7. The submersion of these subsamples in a solution of iron salt at a low p H was used to determine the potential of thalli to produce maximal amounts of ethylene (Lurie & Garty, 1991 ; Garty et al., 1995a ) . After the soaking procedure, all subsamples were wiped gently with filter paper to remove excess moisture and then placed in sealed 50-ml Erlenmeyer flasks. After 3 h, 4 ml of the gas in each flask were withdrawn with a syringe and 1 ml was injected into a gas chromatograph (Packard G . C. Model 417) equipped with an alumina column and a flame ionization detector. The carrier gas was N,, injected at a flow rate of 30 ml min-l, the injector temperature was 130 OC, the column temperature was 60 OC and the detector temperature was 110 OC.
Determination of the concentration of elements in lichen thalli
Lichen thalli of the in situ, resuspended and transplanted material collected both in February and in November 1994 were rinsed, dried for 48 h at room temperature and then oven-dried for 24 h at 90 OC. For the determination of sulphate-S, subsamples of c. 0.35 g each of oven-dried thalli were weighed and inserted into a glass tube. Two ml of concentrated HNO, 65 % (Merck, analytical grade) were added to each tube. The tubes were kept for 3 d at room temperature. The tubes were incubated at 60 O C for 5 h and cooled. The volume was filled up to 50 ml with double-distilled water. The oxidized sulphur (in the form of SO,'-) was then determined in each tube by the BaC1, turbidity method of Tabatabai & Bremner (1970) , in a Novaspec II@ spectrophotometer (Pharmacia LKB). Standard solutions of Na,SO, (0-100 pg ml-'' were used for the calibration curves necessary to estimate the sulphate content of each sample.
For the determination of the concentration of V, Ni, K, Pb, P, Cu, Cr, Fe, Mn and Mg in the lichen thallus, subsamples of 1-2 g of rinsed and air-dried thalli were dried at 90 O C for 24 h, and wet-ashed with concentrated analytical pure HNO, (Merck). Elemental concentrations were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) using the Spectroflame ICP@ (Spectro, Kleve, Germany).
Statistical analysis
Duncan's multiple range test and a one-way ANOVA were applied to determine the significance of differences between the various biomonitoring sites. The difference between treatments was considered to be significant in case of P < 0.05. A Pearson correlation test was used to obtain correlation coefficients of elemental concentrations and the physiological parameters R E S U L T S Table 3 shows the concentrations of 11 mineral elements detected in in situ thalli of R. duriaei collected from Ashdod and the HaZorea Forest in February 1994. The concentrations of Cu, Ni, Pb, V, Mn, K and sulphate-S in thalli from Ashdod were higher than in thalli from the HaZorea Forest. The concentrations of the same mineral elements in in situ thalli collected in November 1994 are shown in Table 4 . The concentrations of Cu, Ni, Pb, V, Mn, Cr, Fe, Mg and sulphate-S in thalli from Ashdod were higher than in in situ thalli from the HaZorea Forest. Table 5 and Figure 1 present the N D V I values collected from the two other sites. At first sight, and the spectra of in situ thalli of R. duriaei collected these findings suggest that lichens growing in the from Ashdod, and the HaZorea Forest in November central part of the nature reserve, close to the 1994. T h e mean and SD values of N D V I for these industrial area, are more stressed by environmental sites were high. Figure 1 shows a significant decline conditions than lichens growing in the eastern part around 680 n m (red) resulting from the photosynth-and in the HaZorea Forest. However, the soaking of etic activity of the lichens as well as a high N I R in situ thalli in FeC1, solutions reveals that the plateau. These spectral features characterize healthy potential for ethylene production in lichens belichens. However, the N D V I for thalli from the longing to the indigenous population of R. duriaei in central part of the nature reserve (site 1) is slightly the Ashdod nature reserve is higher than that of the lower than for the two other sites (Table 5) .
lichens from the HaZorea Forest, 100 km north-east Table 6 shows that the concentrations of ethylene of Ashdod. Thalli originating in the eastern part of produced by in situ thalli collected in November the nature reserve and soaked in FeCl,, produced 1994 in the central part of the nature reserve were more ethylene than thalli originating in the central higher than those produced by the lichen thalli part of the nature reserve. T h e effects of the exposure of lichen thalli from polluted areas to FeC1, are shown in Table 7 . Thalli which were transplanted to the vicinity of the chemical plant in the Haifa Bay and soaked in H,O, produced more ethylene than thalli left in HaZorea, and than thalli retrieved from three other sites in the Haifa Bay. The drastic treatment with FeC1, (Table 7) indicates that the highest ethylene concentrations were released by thalli resuspended or in situ from HaZorea, or by thalli retrieved from the agricultural village in the Haifa Bay. These findings confirm that the ethylene production system remained intact in these lichen samples. On the other hand, lower ethylene values obtained for thalli from industrial sites in the Haifa Bay and soaked in FeCl,, suggest that the ethylene production system was partly injured.
The concentrations of 11 mineral elements in thalli of R. duriaei collected with their substrate in the HaZorea Forest in February 1994, resuspended in the same site or transplanted to the Ashdod region and retrieved in November 1994, are shown in Tables 8 and 9 . The data show that one of the urbanindustrial sites (site 3) was severely contaminated by sulphur compounds, Pb, Cu, Ni, V, Cr and Mn in the air. Lichens retrieved from one of the rural sites (site 9), which is very close to Ashdod, contained a considerable concentration of sulphate-S, and relatively high amounts of V, Ni, Cu and Cr. There is a significant difference between the concentration of elements accumulated in the lichen thalli retrieved from the two parts of the nature reserve: the thalli transplanted to the central part of this area contained more Cu, Mg, Fe, Ni, Pb, V, Cr, Mn, K and sulphate-S than those transplanted to the eastern part of the nature reserve. Table 10 presents the values of NDVI, reflecting changes in the spectral reflectance of thalli collected in February 1994 in the HaZorea Forest and resuspended in the same site or transplanted in the Ashdod region and retrieved in November 1994. Values of each vertical column followed by the same letter do not differ significantly at P < 0.05 using one-way ANOVA and Duncan's multiple range tests.
Table 8. Concentration of sulphate-S, V ,N i , K , Pb and P in thalli of Ramalina duriaei collected in the HaZorea
Forest in February 1994 and resuspended in the same site or transplanted in the Ashdod region and retrieved in November 1994
Sulphate-S V Ni K Pb P Site no. n x k s~ n x f s~ n x k s~ n x k s~ n x f s~ n x k s~ 1 8 2785 +341 b 10 19f 5 b c 10 1630f319b 2 10 2501f 204c 9 1 4 f 2 d 9 1311f218cd 3 8 3437f 229a 9 2 0 f 6 b 9 1063f147 e 4 10 2536k422 bc 10 17f 5 c 9 1433f228bc 5 10 2435k357c 9 l l f l d e 9 1379f212cd 6 10 2470k116c 10 9 f l e f 10 1457f 279 cde 7 8 2341k107cd 6 7 f 1 f 10 1265f 249cde 8 10 2298k 221 cd 7 9+2ef 9 1179f272de 9 10 2767k 281 b 9 26+3a 9 1881f 174a 10 8 2106k151 d 10 7 k l f 9 1498f178bc
0.0000 n, number of replicates; x, mean values given as pg g-I on d. wt basis; SD, standard deviation. d.f., degrees of freedom; BG, between groups; WG, within groups.
Values of each vertical column followed by the same letter do not differ significantly at P < 0.05 using one-way ANOVA and Duncan's multiple range test.
T h e resuspended thalli from the HaZorea Forest in the Ashdod region, the thalli presented very low (site 10) had high N D V I values, almost similar to N D V I values. Figure 2 presents the spectra relating those of the in situ thalli in the same site (Table 5). to Table 10 . Most spectra showed some decline in Transplanted thalli in the Ashdod region had the band of 680 n m b u t not as pronounced as in relatively low N D V I values, whereas in sites 3 and 4 Figure 1. T h e spectrum of site 3 is an extreme Table 9 . Concentration of C u , C r , Fe, M n and M g 10 12.3f2.9a 10 8.8f2.7a 10 1671f687ab 10 3 3 + 5 b 10 977f 143 bcd 2 10 7 . 9 f 1 . 2~ 10 5.7f0.9b 10 1207f200c 10 2 6 f 2 c 10 757+142e 3 8 11.8f1.3a 8 8.9f 3.9 a 7 1909f577a 9 4 0 + 6 a 9 1086f200bc 4 9 6.4f 0.7 de 9 5.3+ 1.2 b 7 1234f187c 9 3 1 f 1 3 b c 10 821f381de 5 9 6.5 f 1.3 d 8 5.8+1.8b 7 1407+299bc 9 3 4 f 9 b 9 1002f239bcd 6 9 5.1 f 0.3 e 10 5.6f 1.6 b 7 1567f194abc 9 30+2bc 10 1189f206a 7 10 5.3f 0.7 de 9 5.5 +1.5 b 8 1359f291bc 10 30+3bc 10 981f147bcd 8 10 5 . 2 f l . l e 9 6.3f1.3 b 8 1769f225ab 10 3 4 f 6 b 10 929f 108 cde 9 9 9.3f0.5b 9 7.4+1.5ab 7 1519f60abc 9 3 4 f 5 b 9 1107f156bc 10 10 5.2f0.5e 8 6. Values of each vertical column followed by the same letter do not differ significantly at P < 0.05 using one-way ANOVA and Duncan's multiple range test. 0.0000 been offset vertically for clarity. Site numbers are as in Table 1 . n, number of replicates; x, mean values; SD, standard deviation. d.f., degrees of freedom; BG, between groups; WG, within groups. more ethylene than thalli retrieved from the other Values of each vertical column followed by the same biomonitoring sites. T h e concentrations of ethylene letter do not differ significantly at P < 0.05 using one-way from thalli from the other biomonitoring sites, in ANOVA and Duncan's multiple range test.
either 5 mM or 10 mM FeCl,, were much higher than those produced b y thalli immersed in H,O. Lichen example showing n o decline at all and being similar thalli retrieved from sites 6 and 7 which produced to that of dry grass (see for comparison fig. 7 -31 in very little ethylene upon soaking in water, compared Jensen, 1986) .
to thalli from the other sites, produced high Table 11 shows that thalli of R. duriaei retrieved concentrations of ethylene upon exposure to FeCl,, from sites 4 and 9 in November 1994 , produced compared with thalli from the other sites. These Values of each vertical column followed by the same letter do not differ significantly at P < 0.05 using one-way ANOVA and Duncan's multiple range test.
high levels of ethylene production indicated that the biosystem of ethylene was not impaired by transplantation. The same phenomenon was observed when thalli retrieved from sites 6 and 7 were soaked in FeCl,. Table 12 shows that of the elements detected in the resuspended/transplanted thalli of R. duriaei in The results of this study reveal clear links between spectral reflectance, ethylene production and the concentrations of several airborne pollutants accumulated in the thallus of the lichen Ramalina duriaei collected in an unpolluted site, resuspended in the same site or transplanted in biomonitoring sites.
The present study demonstrates the capability of remote-sensing methods to detect lichens under stress, induced by air pollutants such as heavy metals and SO,. Similarly, Cox, Beckett & Courtin (1991) found that lichens exposed to Cu concentrations > 20 pg g-l, exhibited a significant shift of 2-3 % of the spectral response.
Our data suggest strongly that the production of ethylene by a sensitive lichen might reflect environmental stress. The influence of climatic factors on the production of ethylene by lichens in the Mediterranean region is for the greater part unestablished. Previous measurements of the seasonal fluctuations in the production of ethylene in R.
duriaei growing in HaZorea yielded the following data: in situ thalli collected in September 1989 produced less ethylene than thalli collected in December of the same year and in February, April and June of the next year . The total rainfall in these months was 0.0, 95.8, 129.6, 28.8 and 0.0 mm, respectively, and the mean temperatures were 25.8, 12.6, 11.3, 17.6 and 24.8 OC. The temporal fluctuations in the production of ethylene by lichens in unpolluted areas appear to be at least partly related to climatic conditions which determine the water content in the lichen thallus. found that the production of ethylene correlates with the water content and showed that species or ecotypes in sunny habitats produce less ethylene than species or ecotypes in shady environments.
Although few workers have considered the production of ethylene by lichens (Ott & Zwoch, 1992; Ott, 1993; Garty, Kauppi & Kauppi, 1995b) , it would seem appropriate to consider its possible significance. In higher plants, ethylene production has been suggested as a response of plants to air pollution (Reid, 1987) . Reid also describes links between soil acidification and the availability of heavy metals , with the latter in- creasing the levels of internal ethylene. Such an increase slows the growth of the plant. In lichens, the impact of acid rain on the physiology of the thallus is well known (e.g. Sigal & Johnston, 1986a, b ; Scott & Hutchinson, 1987 ; Gunther, 1988 ; Scott, Hutchinson & Feth, 1989 ; Hallingback & Kellner, 1992) as well as the capability of lichens to absorb and accumulate heavy metals which is greater than that of higher plants (e.g. James, 1973 ; Brown & Beckett, 1985; Puckett, 1988; Brown, 1991; Garty, 1992 Garty, , 1993 . Based on the model of Reid, the transplantation of lichens to polluted sites subjected to acid rain and highly contaminated by heavy metal particles might bring about an enhanced production of ethylene due to the dissolution of heavy metal particles entrapped by the fungal hyphae, and the decrease of growth of the lichen thallus (Garty et al., 1995b) .
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